Abstract Modal testing based on the theory of transverse vibration of orthotropic plate has shown great potentials in measuring elastic constants of panel products. Boundary condition (BC) and corresponding calculation method are key in affecting its practical application in terms of setup implementation, frequency identification, accuracy and calculation efforts. To evaluate different BCs for non-destructive testing of wood-based panels, three BCs with corresponding calculation methods were investigated for measuring their elastic constants, namely in-plane elastic moduli (E x , E y ) and shear modulus (G xy ). As a demonstration of the concept, the products used in this study were oriented strand board (OSB) and medium density fiberboard (MDF). The BCs and corresponding calculated methods investigated were, (a) all sides free (FFFF) with one-term Rayleigh frequency equation and finite element modeling, (b) one side simply supported and the other three free (SFFF) with one-term Rayleigh frequency equation, (c) a pair of opposite sides along minor strength direction simply supported and the other pair along major strength direction free (SFSF) with improved three-term Rayleigh frequency equation. Differences between modal and static results for different BCs were analyzed for each case. Results showed that all three modal testing approaches could be applied for evaluation of the elastic constants of wood-based panels with different accuracy levels compared with standard static test methods. Modal testing on full-size panels is recommended for developing design properties of structural panels as it can provide global properties.
Introduction
Wood-based panel products are used for both structural and non-structural applications. Engineered wood-based panels such as oriented strand board (OSB) are even more widely used in modern wood constructions, especially in light frame wood constructions. Elastic constants are critical mechanical properties for structural design, which are also the key quality control parameters. Research studies of evaluating the elastic constants of wood-based panels by use of modal testing could be traced back to the 1980s. Different boundary conditions (BCs) with corresponding calculation methods have been adopted for measuring the elastic constants, namely the modulus of elasticity (E) and shear modulus (G), of panel type products such as solid wood panels, particleboard, OSB, plywood and medium density fibreboard (MDF) and cross-laminated timber (CLT).
Boundary condition with all four sides free (FFFF) has been mostly used among the studies done for modal testing of panel-shaped wood products because it requires the least efforts for implementation. However, there is no analytical solution for FFFF BC. The one-term Rayleigh frequency solution was frequently applied for the calculation of elastic constants due to its simple and straight-forward formula [1] [2] [3] [4] [5] . The natural frequency of torsional mode was used for measuring the in-plane shear modulus of wood-based panels by Nakao and Okano [1] . The method appeared to be much simpler than static plate-twist shear tests. Coppens [2] measured the elastic constants (E x , E y and G xy ) of particleboard by modal testing in the laboratory of individual company for quality control purposes. Sobue and Kitazumi [3] applied the same vibration technique for measuring elastic constants of wood panels (western red cedar, hemlock, buna and keyaki). The results were verified with static test results of beam specimens. Carfagni and Mannucci [4] simplified the method in identifying modal shapes based on assessing whether the response and excitation were in or out of phase. The number of impact points was reduced to six for rectangular wood panels. Bos and Casagrande [5] presented the E x and E y values of selected eight OSB panels, 260 plywood panels, one MDF panels tested by an on-line non-destructive evaluation system called VibraPann, which utilized the measurement of the first bending modes in two strength directions. The results showed an absolute difference within 15% of E x and E y values for plywood compared with static test values. The spatial variability of elastic properties within a panel was also reported by testing of small panels cutting from a fullsize panel.
Besides Rayleigh frequency solution, finite element modeling (FEM) was often used for the determination of elastic constants combined with modal testing [6] [7] [8] . The elastic constants were estimated by minimizing the difference between the experimental frequencies and FE modeled values using an iterative process. Full-size MDF and OSB panels, modeled as thin orthotropic plates under FFFF BC, were tested by Larsson [6, 7] using modal testing. The proposed method was proved to be accurate because of the good agreement between measured and calculated natural frequencies (up to the 7th mode) within 1-5%, though the average differences between dynamic and static bending data of E x and E y were 14.1 and 31.0%, respectively. A similar method was adopted to study the effects of moisture content on the in-plane elastic constants of wooden boards used in musical instruments [8] . It was found that, with the moisture content ranging from 0 to 25%, the E values in radial and longitudinal directions and G of longitudinal and radial plane changed approximately 88, 51 and 47%, respectively. Gsell et al. [9] measured the natural frequencies and mode shapes of a rectangular CLT
specimen. An analytical model based on Reddy's higher order plate theory [10] was applied to calculate natural frequencies and mode shapes numerically. All three G and the two in-plane E values were identified by minimizing the difference between measured and estimated natural frequencies based on the least-squares method. Gülzow [11] further studied the modal testing method to evaluate the elastic properties of CLT panels with different layups and characteristics.
FFFF, however, is not the best BC for large size panels, especially in the production environment. Other BCs such as one side simply supported and the other three sides free (SFFF) and one side clamped and the other three sides free (CFFF) were also used for the determination of elastic constants of full-size structural panels for the purpose of quality control in production. A simultaneous determination of orthotropic elastic constants of standard full-size plywood by vibration method was conducted with SFFF BC [12] . The results showed an agreement to within 10% of E and G values measured using static bending and plate torsional tests, respectively. Particleboard and MDF panels of full-size dimensions were tested using a vibration technique in both vertical and horizontal cantilever (CFFF) arrangements [13] . It was found that there was no significant difference between measured frequencies from the vertical and horizontal position, which indicated that the deflection caused by self-weight under horizontal position had no effect on measured frequencies. The absolute values of the dynamic E values were about 20-25% higher than the static values, while MDF had a better correlation and smaller difference between dynamic and static results than particleboard.
Currently, boundary condition of a pair of opposite sides along minor strength direction simply supported and the other pair free (SFSF) was adopted with improved approximate natural frequency expressions for measuring elastic constants for full-size wood-based panels including CLT, OSB and MDF panels [14] . The difference between dynamic and static test results was about 10% or less except for E y of OSB. The reason was thought to be the inappropriate strip specimen size for static bending test, which could not well represent the E y of full-size OSB panels. The method with SFSF BC has great potential for further implementation in on-line evaluation of full-size wood-based panels.
The study described in this paper was conducted to compare three methods of measuring elastic constants of wood-based panel products with different BCs (FFFF, SFFF and SFSF) with corresponding calculation procedures. Standard static tests were performed to provide reference values for comparison. The objective of the study was to develop a better understanding on how the accuracy of measured elastic constants are affected by the BC chosen for modal testing and data analysis procedure. The ultimate goal is to contribute to the development of standard modal testing method for measuring the elastic constants of wood-based panels as well as potential development of on-line quality control techniques.
Theoretical background
In the application of the three methods, the following assumptions were made:
(a) the material has a uniform mass and in-plane elastic property distribution; (b) the effects of transverse shear deformation and rotatory inertia are negligible.
Forward problem
The governing differential equation for the transverse vibration of a thin rectangular orthotropic plate based on the above assumptions is expressed as follows [15] ,
where 12 , E x = modulus of elasticity in length (x)/major strength direction, E y = modulus of elasticity in width (y)/minor strength direction, G xy = in-plane shear modulus, v xy and v yx = Poisson's ratios, ð1 À v xy v yx Þ & 0.99 for most wood materials [16] , a = length of the plate, b = width of the plate, h = thickness of the plate, and q = mass density.
For the cases considered in this study, the aspect ratio (r = a/b) of the test specimens were greater than 1.
With the input of four elastic constants, dimensional information and density, all the natural frequencies and corresponding mode shapes can be calculated under different BCs as a forward problem. However, due to the complexity of boundary condition, the analytical solution of the forward problem cannot be simply generated from the governing differential equation. Therefore, numerical methods such as Rayleigh method and FEM have been applied for solving the forward problem. In this study, the forward problem solutions for FFFF and SFFF BCs were both generated by Rayleigh method with one-term deformation expression [3, 5] . These frequency equations are explicit and in closed form, which need less computation efforts compared with the analytical method and FEM. The frequency equation can be expressed as, 
For SFSF BC, a closed-form approximate frequency equation by Rayleigh method with three-term deformation expression was adopted from Ref. [17] ,
where f (m,n) = natural frequency of mode (m, n), m and n = mode indices, the number of node lines including the simply supported sides in y and x directions, respectively, and
In Eq. (2), a 1(m,n) , a 2(m,n) , a 3(m,n) and a 4(m,n) are the coefficients for mode (m, n), which can be pre-determined for different boundary conditions [3, 5] . In Eq. (3), (m, n) is equivalent to (i, j) as in Ref. [17] , _ m and _ n are equal to m and n in the reference, respectively. The expressions of the other terms including C ij ; C i _ n ; C _ mj ; E ij ; E ji ; c; d; F can be found in the same reference as well.
Inverse problem
Theoretically, with a proper forward solution, density, dimensions and any four measured frequencies, the four elastic constants (E x , E y , G xy and v xy ) can be calculated through an inverse process, known as an inverse problem. However, the sensitivity of each natural frequency to elastic constants is different. Only the sensitive frequencies result in accurate determination of the appropriate elastic constants. Sensitivity analysis is always required in order to identify the most sensitive natural frequencies for calculation of each elastic constant [18] .
To exclude the difference among different Rayleigh frequency solutions for different BCs, FEM was employed for sensitivity analysis by changing with ±10% of the mean of each elastic constant. FEM was performed in ABAQUS finite element software ver. 6.12-3 (ABAQUS, MA, USA) with initial elastic constants and geometry information listed in Table 1 [14, 19, 20] . OSB and MDF panels were modeled as a 3D deformable shell using shell element S4R (ABAQUS, MA, USA) with a global mesh size of 0.02. For FFFF BC, no constrains were added to the plate, and for SFFF and SFSF BCs, the simply supported edge or edges were constrained in three translational directions. The natural frequencies of up to 20 modes were computed with embedded 'Lanczos eigensolver'. The ratio of frequency difference of each mode to corresponding frequency obtained from initial elastic constants is defined as the sensitivity of each mode to the elastic constants.
FEM sensitivity analysis results of a OSB and a MDF panel are shown in Fig. 1 . It can be seen that for all three BCs, Poisson's ratio is almost not sensitive to any frequency modes, therefore Poisson's ratio cannot be properly determined. As reported in previous research [2] , Poisson's ratio might be determined unless the plate has a certain aspect ratio of ffiffiffiffiffiffiffiffiffiffiffiffi E x =E y 4 p . The sensitive modes for E x , E y and G xy are (2, 0), (0, 2) and (1, 1) with FFFF BC, respectively, and are (m C 2, 1), (0, 2) and (1, 1) with SFFF BC, respectively. The sensitivity of mode (m C 2, 1) to E x increases with the increase of m. A desirable sensitivity can OSB and MDF are short for oriented strand board, and medium density fiberboard, respectively be found with m equal to 3 or 4 depending on the aspect ratio (a/b) and elastic constant ratio (E x /E y ) of the panel. Natural frequency of mode (3, 1) was used in this study. For SFSF BC, the sensitive frequency modes for E x , E y and G xy are (2, 0), (2, n C 2) and (2, 1), respectively. The sensitivity of mode (2, n C 2) to E x increases with the increase of n. In most cases, the frequency of mode (2, 2) or (2, 3) is sensitive enough for calculating E y . For all three BCs, the sensitive modes for E x and E y are those bending modes in x and y axis, and sensitive mode for G xy is the first torsional mode shown in Fig. 2 . If there is no constrain at the edge along the minor stiffness axis, the sensitivity of a low bending mode with only one half sine wave is sufficient for E x or E y . Otherwise, the sensitivity of a higher bending mode with two or three half sine waves is required. For highly coupled modes with comparable equal m and n, each elastic constant contributes more evenly to the frequency value than modes with m [ [ n or m \ \ n. If such mode is used for calculation, the coupled effect of all elastic constants should be included in the calculation. From Eq. (2), for FFFF BC, the elastic constants can be calculated using the following formulas [1, 5] ,
Furthermore, the calculated values can be used as initial input values for FEM updating. First the difference Df i between sensitive FEM frequencies (f FEMi ) and experimental frequencies (f expi ) will be calculated.
where i = to 1, 2, 3, and corresponds to (2, 0), (0, 2), (1, 1). If any relative frequency difference Df i j j is larger than 0.01, then:
where X = elastic constant (E x , E y , G xy ) to be updated and X 0 = the corresponding initial value from Eqs. (4), (5) or (6) . The iteration process stops when all Df i j j are smaller than 0.01 and outputs from the last iteration will be the calculated elastic constants. Experience has shown that less than five iterations are required to achieve convergence.
For SFFF BC, the elastic constants can be calculated using the following formulas [12] , 
For SFSF BC, a calculation method was developed using the improved frequency equation, Eq. (3), based on an iteration process. The initial value of E x is first calculated using the fundamental frequency, f (2, 0) . The other initial values are set as the ratios with E x based on reported reference value or theoretical prediction. The iteration stops when the total difference between measured and calculated frequencies is less than 1%. Details about the calculation method can be found in Ref. [14] .
To summarize, the BCs and corresponding calculation methods to be investigated are listed in Table 2 .
Materials and methods

Materials
Five full-size 11.1 mm thick OSB panels of dimensions 2.44 m 9 1.22 m and five full-size 15.7 mm thick MDF panels of dimensions 2.46 m 9 1.24 m were purchased from a building supplies store. The average moisture contents and densities of OSB and MDF panels were about 4 and 5%, 614 and 697 kg/m 3 , respectively. Each full-size panel was cut into four panels of dimensions 1.21 m 9 0.60 m. In total, twenty panels were obtained from each type of panel for modal testing. Then two panels with the closest masses were selected from four panels of the same full-size panel to glue a double-thick panel using a two-component structural polyurethane adhesive. Five panels were prepared from each type of panel, respectively, for investigating the effect of thickness on the accuracy of modal tests. The average thicknesses of double-thick OSB (DOSB) and MDF (DMDF) panels were 22.1 and 31.2 mm, respectively. The remaining ten panels of each type were cut into square panels of dimension 0.60 m 9 0.60 m for in-plane shear tests. Then three strips were cut from each strength direction from a square panel for bending tests. For the double-thick panels, they were cut into square panels for in-plane shear tests and panel bending tests as well. The cutting scheme is shown in Fig. 3 .
Modal tests
The impact vibration tests were conducted on the specimens with three different BCs for both OSB and MDF panels. Only modal tests with FFFF and SFSF BCs were conducted for DOSB and DMDF panels, because SFFF BC could not be achieved easily in practice as the other two BCs for thick panels. The BCs were realized using ropes and steel pipes in the lab. The panel was suspended with a pair of ropes on a steel frame as shown in Fig. 4a to simulate FFFF BC. A pair of steel pipes were used to clamp one side of the panel to simulate simple support. As shown in Fig. 4b and c, the panels were clamped with proper pressure at one side parallel to major strength direction or a pair of two opposite sides parallel to minor strength direction to achieve SFFF or SFSF BC, respectively. For SFFF BC, one edge along the length direction of the panel was supported, which should not touch the base. For FFFF and SFFF BCs, the accelerometer was attached at the top left corner of the panel, while for SFSF it was attached at 7/12 length of one free edge. The locations selected were not on the nodal lines of first several modes up to the first 15 modes including the sensitive natural frequencies. The impact and acceleration time domain signals were recorded by a data acquisition device (LDS Dactron, Brüel & Kjaer) and the frequency response function (FRF) was calculated from the time domain signals using a data analysis software (RT Pro 6.33, Brüel & Kjaer). The frequency spectra were post-processed by MATLAB software ver. 2014a (MathWorks, CA, USA) for frequency identification and calculation of the elastic constants.
Identification of sensitive frequencies
Mathematically, for a given plate, natural frequency increases nonlinearly with the increase of mode indices (m, n). From the sensitivity analysis, it can be seen that for all three BCs the sensitive frequencies have small mode indices with either m or n less than 3 for the material considered in this study. Low mode frequencies are easier to be detected than high mode frequencies. Normally, for 2D and 3D structures, it is necessary to conduct modal test on the whole surface of a structure with a grid to obtain the experimental mode shapes for frequency identification. However, for simple structures such as plates with given BCs and approximate material properties, it is possible to identify the frequency modes with a few impacts at specific locations, based on modal displacements at those locations. Modal displacements are generally estimated from the imaginary part of the FRF as shown in Fig. 5 .
For FFFF BC, the frequencies of modes (2, 0) and (1, 1) are the first two in a frequency spectrum because (2, 0) or (1, 1) is the mode indices giving the starting frequency value. Modes (m, n) with either m or n being an odd number have a node at the center of a plate. Therefore, modes (2, 0) and (0, 2) are the first two modes that would appear and mode (1, 1) is the first mode that would vanish when impacted at the center of the plate. Thus, with the accelerometer located at the left right corner, only three spectra with impacts at the center (I2) and a pair of diagonal corners (I1 and I3) are sufficient for sensitive frequency identification as shown in Fig. 5a . Mathematically, frequency of mode (0, 2) or any (0, n) bending mode in y direction decreases with any increase of E x /E y and decrease of a/b. Slender plate with similar E x and E y (i.e., that approaching an isotropic plate) would result in a very high mode (0, 2), which is difficult to be detected. However, for isotropic material, there is no need to identify mode (0, 2), as modes (2, 0) and (1, 1) are sufficient for calculating E and G. For nearly isotropic material like MDF, plate of aspect ratio a/b greater than 3 is not recommended. For SFFF BC, modes (1, 1) and (1, 2) are the first two modes in a frequency spectrum for the materials considered in this study. Frequency of mode (0, 2) decreases with the Fig. 5 Selected plots of imaginary part of FRF for sensitive frequency identification at three impact locations under the three BCs increase of E x /E y and the decrease of a/b, which behaves similarly with mode (0, 2) with FFFF BC. With the accelerometer located at the left right corner, frequency spectra from three impacts at the middle (I2) and two ends (I1 and I3) of the top edge are helpful for frequency identification as is shown in Fig. 5b . Modes (m, n) with m being an odd number have out-of-phase modal displacements (i.e., movement is in opposite direction) when impacted at the two ends and vanish when impacted in the middle. Mode (1, 1) is the first of such modes and mode (3, 1) is the second one. While modes (m, n) with m being an even number have in-phase modal displacement (i.e., movement is in the same direction) when impacted at the two ends but out-of-phase modal displacement when impacted in the middle. Mode (2, 1) is the first of such modes. Modes (0, n) have in-phase modal displacements when impacted at all three locations (I1, I2 and I3), and mode (0, 2) is the first of such modes.
For SFSF BC, as was discussed in previous research [14, 21] , three spectra with impacts at the center (I2) and two locations from the two opposite free edges (I1 and I3) can help identify the sensitive frequency modes needed for calculation. Modes (2, 0) and (2, 1) are the first two modes that appear in the frequency spectra. Mode (2, 2) is the first mode that has out-of-phase modal displacement to mode (2, 0) while mode (2, 1) vanishes when impacted at the center, Fig. 5c . Similar to mode (0, 2) in FFFF BC, frequency of mode (2, 2) decreases with the increase of E x /E y and the decrease of a/b. For some wood-based products, E x /E y can be close to 1 for MDF, 1-10 for OSB or laminated wood products, and about 20 for solid wood. The effort for identifying mode (2, 2) depends on the material property and specimen aspect ratio.
Static tests
Static tests were conducted as a reference for comparison with dynamic tests. The elastic moduli and shear modulus of OSB and MDF panels were obtained from static centerpoint flexure tests according to Ref. [22] and shear tests according to Ref. [23] , respectively. A total of twelve strips along each strength direction were cut from full-size panel and they were tested for E values. A total of four square panels were cut from each panel and tested for G xy values. For the double-thick panels (DOSB and DMDF), two square panels from one DOSB or DMDF specimen are used for both in-plane shear tests and panel bending tests. Then a total of six strips along each strength direction of DOSB and DMDF panels were cut for center-point flexure tests as well. The dimensions of specimens for different static tests are given in Table 3 .
Results and discussion
Mean value comparison
The mean elastic constants of OSB and MDF panels measured by dynamic methods with different BCs and static methods are listed in Table 4 . It can be seen that, for all three BCs, dynamic E values of OSB panels are larger than their static counterparts, while dynamic G xy values are smaller than static G xy value. The differences between dynamic and static E x values of OSB panels are 16.9, 2.5 and 9.4% for FFFF, SFFF and SFSF BCs, respectively. The differences between dynamic and static E y values of OSB panels are 39.9, 29.0 and 22.5% for FFFF, SFFF and SFSF BCs, respectively. The differences between dynamic and static G xy values of OSB panels are -27.5, -22.6 and -16.6% for FFFF, SFFF and SFSF BCs, respectively. Among the three BCs, the three elastic constants of OSB panels obtained from FFFF BC exhibited the largest difference from the corresponding static values. The difference between dynamic and static E y values of OSB has been discussed in previous research [14] . For commercial OSB panels, around 50% of the strands are oriented within 20°from the major strength axis and thus stiffness distribution varies a lot spatially [24, 25] . However, the width of the strips for bending tests was 50 mm, which is much smaller than the length of a single strand, 150 mm. Therefore, the static data are lower than those obtained by modal tests of full-size panels. OSB and MDF are short for oriented strand board, and medium density fiberboard, respectively. DOSB and DMDF are short for double-thick oriented strand board, and double-thick medium density fiberboard, respectively J Wood Sci (2017) 63:523-538 531
For MDF panels, the differences between dynamic and static values are much smaller than those for OSB panels. The differences between dynamic and static E x values of MDF panels are 8.0, 4.0 and 6.1% for FFFF, SFFF and SFSF BCs, respectively. The differences between dynamic and static E y values of MDF panels are 1.3, -9.1 and -4.0% for FFFF, SFFF and SFSF BCs, respectively. The differences between dynamic and static G xy values of MDF panels are -7.6, -10.1 and -7.7% for FFFF, SFFF and SFSF BCs, respectively. There are no significant differences between the values measured using the three BCs for a specific elastic constant.
Generally 
Correlation between dynamic and static results
To better compare the dynamic methods with static methods, the dynamic values from each BC were compared with static values through paired-sample t tests. As shown in Table 5 , most of the paired groups have a p value less than 0.05 at the 95% confidence level except paired group 'SFFF & static' of E x for OSB panels and paired groups 'FFFF & static' and 'SFSF & static' of E y for MDF panels. Generally, the elastic values by dynamic methods exhibit a significant difference with the elastic values by static methods at the 95% confidence level. Thus the linear correlation of each elastic constant between dynamic and static method are not as good as most reported correlation between dynamic and static values of beam-like specimens [26] .
Figures 6 and 7 illustrate the differences in percentage (Diff.) between each dynamic and static elastic constant of all panel specimens with different BCs. It can be seen that in Fig. 6 , the difference between dynamic and static E x of each individual OSB panel ranges from -1 to 37% with most of them around -16% for FFFF BC, from -11 to COV is short for the coefficient of variation. Diff. refers to the difference in percentage based on corresponding static value. The dynamic elastic constants of four panel specimens cut from the same full-size panel specimen were averaged as the representatives of each full-size panel specimen. OSB and MDF are short for oriented strand board, and medium density fiberboard, respectively. FFFF represents the boundary condition of all sides free, SFFF represents the boundary condition of one side simply supported and the other three free and SFSF represents the boundary condition of a pair of opposite sides along minor strength direction simply supported and the other pair along major strength direction free a Results of FEM updating 16% with most of them around -3% for SFFF BC, from -6 to 31% with most of them around -9% for SFSF BC, respectively. The difference between dynamic and static E y and G xy values of each individual OSB panel is within 60%
(except for one panel) and -40%, respectively. Most of the differences are distributed around their averaged differences for each BC. The exceptions happen when the static values are either too large or too small. However, [6, 7] also reported an average difference between dynamic and static E x and E y of 14 and 31% for OSB panels, respectively. The results from the static tests on small strip specimens are questionable for some particlebased wood panel products because the relative size of the specimen and wood elements in the panel [27] .
Accuracy analysis of dynamic test methods
The differences between each BC are primarily caused by the influence of BCs in practice, the accuracy of chosen forward problem solutions and sensitivity level of selected vibration modes. The influence of implementing BC in practice is not easy to be assessed. FFFF BC is the one requiring the least efforts and free from added constraints among three BCs. SFFF and SFSF BCs require partial clamping to stabilize the test panel. Aside from the influences of implementation of BC, the chosen forward solutions affect the results to different extents for OSB and MDF panels. As shown in Fig. 8 , the differences between values obtained from Eqs. (4)- (6) and FEM updating are different for different elastic constants and materials. There is virtually no difference for E x and E y of OSB panels from both calculations, while there is an average difference of about 5% for G xy . Similarly, no difference was found for E x value of MDF from both calculations, but there are differences of about 5 and 10% for E y and G xy value of MDF from both calculations, respectively. For both MDF and OSB panels, E y was obtained from f (0, 2) , where the effect of transverse shear may contribute if the transverse shear moduli are small or the wavelength to depth ratio become small for high modes. MDF has a much smaller transverse shear modulus than OSB. FEM updating in this study employed a shell element that included this effect, while Eqs. (4)-(6) do not. In Eq. (6), a factor of 0.9 is used based on previous research [1], but current results shown here suggest a 5 and 10% increase for OSB and MDF panels, respectively. Sensitivity level of selected frequencies has an effect on calculated values. For instance, the E x value can be obtained from Eq. (9) or (10) for SFFF BC. However, selected frequencies with different sensitivity will result in different calculated values. As shown in Fig. 9 , the differences of E x values of OSB and MDF panels from the two equations can vary from 10 to 40% because of the lower sensitivity to mode (2,1) than to mode (3, 1). Sobue and Katoh [12] , who first adopted SFFF BC for modal testing of wood-based panel material, used different combinations of frequency equations to calculate the elastic constants. It is an alternative method but ignored the effect of nonlinear distribution of sensitivity. Also, in the case of calculating E y value of MDF using frequency of mode (2, 2) under SFSF BC, the coupled effect of E y and G xy was included in the iteration of frequency of mode (2, 2) as both elastic constants contribute evenly.
Other influences may include width to thickness ratio and transverse shear rigidity. FEM was performed using Table 1 and two types of shell elements, S4R and STRI3. STRI3 ignores the effect of transverse shear deformation, while S4R considers it. MDF has much lower transverse shear modulus than OSB. The theoretical effect of transverse shear deformation on natural frequency increases with an increase in thickness is shown in Table 6 . As expected the effects are different under FFFF and SFSF BCs. The differences are almost doubled under SFSF BC compared with FFFF BC, for natural frequencies related to E y and G xy .
Commercial OSB and MDF panels, due to the saddleshaped vertical density profile, can be regarded as threelayer composites. DOSB and DMDF panels become fivelayer composites after gluing, which are expected to have slightly different elastic properties to the component OSB and MDF due to lamination. As shown in Table 7 , compared with panel static test results, dynamic results of both DOSB and DMDF panels from SFSF BC seems to be much closer to panel static test results than those from FFFF BC. This may be explained by the same degree of effect of transverse shear deformation on vibration and deflection under static load of the panel for SFSF BC with the increase of thickness. For DOSB panels, the differences between dynamic results from FFFF BC and panel static test results are 8.3, 7.7 and 4.9% for E x , E y and G xy , respectively, which are just a little higher than the differences between dynamic results from SFSF BC and panel static test results. However, the corresponding differences between dynamic and static tests for DMDF panels are much higher with FFFF BC than those with SFSF BC. As shown in Table 6 , with the increase of thickness, the effect of transverse shear on the selective frequencies are two times smaller with FFFF BC than with SFSF BC. In addition, the transverse shear modulus of MDF are much smaller than OSB. Thus, the dynamic results of DMDF from FFFF BC are least affected with the increase of thickness and are much larger than those with SFSF BC.
In addition, the increase in thickness has a decreasing effect on measured G xy values due to increasing transverse shear deflection. Yoshihara and Sawamura [28] in-plane shear modulus of western hemlock solid wood plates measured by static square-plate twist method increased from 0.5 to 1.0 GPa with an increase in length or width to thickness ratio from 14 to 60.
Panel versus beam bending tests
In Table 7 , it can be observed that the differences in E x and E y values measured using panel and strip bending tests are -19.2 and -28.9% for DOSB, and -4.6 and -16.5% for DMDF, respectively. For DOSB, the difference is due to the inappropriate size (width) of strip specimens from two strength directions.
McNatt [27] once tested bending properties of structural wood-based panels of large panel size [2. 44 (length) 9 1.22 (width) m 2 ] and small strip size specified in ASTM D1037 [29] . The results indicated that for OSB, waferboard and flakeboard panels, the E values were not affected much by reducing panel size from 2.44 9 1.22 to 0.61 9 0.30 m 2 . The panel bending test values of E x and E y were about 23 and 15% larger than corresponding strip bending test values for OSB, respectively. This was likely caused by the reduction in the strand length when strip specimens were cut which reduced the lap lengths of the adhesive bond between strands. He Finite element modeling was performed using material properties presented in Table 1 for DOSB and DMDF. OSB and MDF are short for oriented strand board, and medium density fiberboard, respectively. DOSB and DMDF are short for double-thick oriented strand board, and double-thick medium density fiberboard, respectively. FFFF represents the boundary condition of all sides free, and SFSF represents the boundary condition of a pair of opposite sides along minor strength direction simply supported and the other pair along major strength direction free suggested that large panel test should be used when developing design properties for structural panels. For DMDF, a fiber-based material, which is an almost isotropic material and also more uniform than DOSB, the difference between panel and strip bending test E x values is small. The difference between E x and E y by strip bending test is likely caused by a shorter span-to-depth of the strips along the width direction (18.3 for strips in the length direction and 12.8 for strips in the width direction). The smaller span-to-depth ratio and transverse shear modulus of the material are the reasons for the smaller E x and E y values of DMDF panel and strip specimens than the corresponding MDF specimens. It can be concluded that static panel test results are closer to dynamic test results than strip bending test results.
Conclusions
Through this study it has been shown that different accuracy levels are achieved with the three modal testing approaches, which incorporate different boundary conditions and calculation procedures. The influences of different aspects on accuracy have been also discussed. Modal test methods can be an option for measuring elastic constants of engineered wood-based panels due to its nondestructive nature and fast testing time. For orthotropic wood-based panel products, modal testing is recommended as it can account for the influence of coupling between elastic constants and is less tedious to conduct compared with static testing approaches. The elastic constants obtained are the general properties of the panel products, which are comparable to the static test of the whole panel. It is recommended for property evaluation of panel products, especially those intended for structural application.
All three BCs with corresponding calculation methods can be applied in the laboratory environment. FFFF is the easiest BC to be replicated in a testing environment and can be applied for panels of small to moderate dimensions, but advanced forward problem solution such as FEM is needed. Simple frequency solution can give appropriate initial guess of elastic constants. SFFF is not recommended for large and thick panels as the support condition is practically unstable which requires some efforts in restraining the specimen in a vertical position. SFSF BC with the proposed calculation method shows great potential for laboratory and on-line application, especially for massive panels with large dimensions. Proper selection of BC and corresponding calculation method is important for characterizing the material of interest.
